The effect of lattice-mismatch and especially the angle-mismatch induced strain on structural and transport properties of epitaxial La 0.7 Sr 0.3 MnO 3 (LSMO) thin films with thicknesses of 5-70 nm has been studied by x-ray diffraction and resistivity measurements. X-ray reciprocal space maps show that the growth of LSMO films on SrTiO 3 (0 0 1) and (LaAlO 3 ) 0.3 (Sr 2 AlTaO 6 ) 0.7 (0 0 1) substrates induces biaxial tensile and compressive strain in the in-plane of the films, respectively. As the film thickness, t, is changed, there exist two distinct thickness ranges where different thickness dependence of transport properties was observed, irrespective of the strain type. For t < 12 nm, the metal-insulator transition temperature T P is extremely sensitive to the biaxial strain and thickness, and for t 12 nm, T P is weakly dependent on the film thickness. We explain this variation of thickness dependence by considering the angular-distortioninduced strain and relaxation of the equilibrium rhombohedral LSMO structure.
Introduction
The doped manganites with the perovskite-type crystal structure, such as La 1−x Sr x MnO 3 , have been intensively investigated in recent years because of their outstanding colossal magnetoresistance (CMR) effect [1, 2] . The properties of these materials change considerably with temperature and composition x, which is reflected by various structural, electrical and magnetic phase diagrams [3] [4] [5] [6] .
One interesting issue for both physics and device applications is the strain-dependent properties of CMR films. In many cases, however, the strain state of CMR films is, on one hand, hard to be determined quantitatively, and, on the other hand, can be controlled concomitantly by various factors such as the lattice-mismatch between film and substrates [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , film thickness (t) [17] [18] [19] , oxygen content [20] [21] [22] and the annealing processes, which makes the problem more complicated. Recently, the lattice-mismatchinduced biaxial strain effects on the structural, electrical and magnetic properties of epitaxial manganite films with various thicknesses have been intensively studied, and the results are not quite consistent with each other. Millis et al [7] reported that the Curie temperature T C of the CMR manganites is extremely sensitive to biaxial strain based on theoretical analyses, and a 1% biaxial strain would cause a 10% shift in T C due to the Jahn-Teller (J-T) term of lattice distortion. While it is commonly reported that the in-plane tensile strain decreases T C of (La,A)MnO 3 (A = Ca or Sr) films with the reduction in thickness [12] [13] [14] [15] , Kanki et al [9] found that tensile strain enhanced T C of the La 0.8 Ba 0.2 MnO 3 films, and explained their results as a combination of both the transfer integral and the orbital degree of freedom. For La 0.9 Sr 0.1 MnO 3 films it was shown that compressive strain reduces the resistivity and shifts T C towards higher temperature [11] ; many recent studies have shown that compressive strain, however, does not always lead to an enhancement of T C in manganite films [14] [15] [16] [17] [18] [19] . The reduction of T C in compressively strained films has been explained by various models in addition to the J-T effects [16, 18] .
La 0.7 Sr 0.3 MnO 3 (LSMO) bulk is rhombohedral at room temperature with the pseudocubic parameter a of 3.873 Å and a large distorted pseudocubic angle α of 90.26
• [23] . Accordingly, LSMO films grown coherently on cubic perovskite substrates are usually subjected to not only a biaxial strain due to lattice mismatch but also a further type of distortion, namely, angular distortion (or elastic shear). This angular distortion will also induce strain in the films and relax with increasing film thickness [23, 24] .
In this work, the effect of lattice-mismatch and especially the angle-mismatch induced strain on the structural and transport properties of epitaxial LSMO thin films was studied. Two sets of high-quality LSMO thin films with thicknesses of 5-70 nm were grown on SrTiO 3 For coherently strained films with t < 12 nm, the metal-insulator transition temperature T P is extremely sensitive to the biaxial strain and thickness. For LSMO films with t 12 nm, however, a weak thickness dependence of T P is observed, and this could be ascribed to the angular relaxation of the distorted rhombohedral LSMO structure.
Experimental
Epitaxial LSMO films with thicknesses of 5-70 nm were grown on LSAT(0 0 1) and STO(0 0 1) substrates using an excimer laser charged with KrF (λ = 248 nm). The laser beam, with energy of 190 mJ/pulse and a repetition rate of 5 Hz, was focused onto a rotating LSMO ceramic target, which was made by the standard solid-state reaction method from high-purity La 2 O 3 , SrCO 3 and MnO 2 powders, with the final sintering being set at 1350
• C for 20 h in air. To fabricate the two sets of films under the same conditions, LSAT(0 0 1) and STO(0 0 1) substrates were loaded side-by-side on a heated holder for simultaneous deposition. The distance between the target and the substrate was about 50 mm and the temperature and oxygen pressure during deposition were maintained at 730
• C and 250 mTorr. The growth rate of films was about 6 nm per minute. After deposition, the films were in situ annealed at 10 Torr of oxygen for up to 20 min before being cooled to room temperature in the same annealing ambient, and in order to further optimize the oxygen content, a post-annealing at 
750
• C for 2 h in flowing oxygen ambient was also carried out for all the films.
The structure of films was characterized by x-ray diffraction (XRD) (2θ linear scan, ω-scan rocking curves and reciprocal space maps) using Cu Kα 1 (λ = 1.5406 Å) radiation (Philips X'pert). The film thickness was determined by the thickness fringes [25] around the LSMO(0 0 1) diffraction peak, consistent with the evaluated value from the growth rate. The resistivities were measured on a commercial Quantum Design MPMS system with the conventional fourprobe method.
Results analyses and discussion
Figures 1(a)-(f ) and (g)-(l) show high-resolution XRD linear scans on the LSMO films grown on LSAT(0 0 1) (left panels) and STO(0 0 1) (right panels) substrates, respectively. The films deposited in the same vacuum run (e.g. (b) and (h)) have almost the same thicknesses as determined by the interference fringes [25] around the (0 0 1) diffraction peaks, and are about 70, 30, 22, 12, 9 and 7 nm, as denoted. Based on the LSMO(0 0 1) and LSMO(0 0 3) (not shown) peak positions, with t decreasing the c parameters of LSMO/LSAT(0 0 1) films were calculated to be 3.890, 3.889, 3.889, 3.890, 3.899 and 3.909 Å. They are larger than that of the pseudocubic LSMO bulk (3.873 Å) [23] , indicating that these films are subjected to a compressive strain in the in-plane of the films. Correspondingly, the c parameters of the LSMO/STO(0 0 1) films change from 3.861 to 3.854 Å as t is decreased from 70 to 7 nm. As expected, these films are under tensile strain and the c parameters are smaller than that of the pseudocubic LSMO bulk. Accordingly, for the LSMO films with a compressive (tensile) strain state and thickness t < 12 nm, the c axis parameter elongates (shrinks) faster with the reduction in thickness, but for those with t 12 nm, it is less sensitive to the film thickness irrespective of the strain type. These results imply that for the films with thickness around 12 nm the strain state may be quite different.
To determine the crystallinity of these films, XRD ω-scan rocking curves (RCs) on the LSMO(0 0 1) reflection of LSMO films grown on both LSAT(0 0 1) and STO(0 0 1) substrates were conducted and the results are shown in the left and right panels of figure 2, respectively. The RCs on the (0 0 1) reflection of the two LSMO films of 30 nm thickness give a typical full width at half maximum of 0.073
• and 0.068 • , respectively, indicating the high quality of the epitaxial films. From these profiles, it was noted that the RCs measured from the film with t < 12 nm showed only one sharp component, while for the films with t 12 nm a weak and broadened component appeared, and the relative intensity of this diffuse scattering increases with the increase in film thickness. The RCs with only the sharp component indicate that the films are coherently strained to the substrate [26] . On the contrary, for LSMO films thicker than 12 nm, the diffuse scattering may result from partial recovery (relaxation) of the angular distortion in rhombohedral LSMO which will be further discussed later. Figure 3 shows typical XRD reciprocal space maps around the (1 0 3) reflection of the LSMO films grown on the LSAT(0 0 1) and STO(0 0 1) substrates. It is seen that the in-plain lattice constants (−λ/2Q * x ) of the films with t < 12 nm matched perfectly with those of the substrates, indicating the films are grown coherently. For these thin films, the maps also show that their out-of-plane lattice constants (3λ/2Q * y ) of the compressive (tensile) films are larger (smaller) than those of the thick films, consistent with the results shown in figure 1 . Due to the dimensional effect, the films of 12 and 7 nm thickness yielded a simple 'rod-like' diffraction pattern, and it can be indexed with a pseudotetragonal symmetry [27] . The LSMO(1 0 3) reflections from thicker films (e.g. 70 nm) are broadened along the Q * x direction, indicating that the in-plane lattice constant of the LSMO layer deviates slightly from that of the substrates, and a partial structural relaxation occurred in the thicker films. All these features imply that the thinner films have a higher level of strain. Interestingly, for the two thick films the pattern of the LSMO(1 0 3) reflection is quite different, and a detailed structural characterization of LSMO thick films with the different strain type is in progress. Figure 4 shows the temperature dependence of resistivity measured from the LSMO films with various thicknesses. It is seen that there are two distinct thickness dependences of the metal-insulator transition temperature T p for both types of films. For the LSMO films grown on STO(0 0 1) substrates, with t decreasing from 70 to 12 nm, T p decreases from 361 to 348 K. As the thickness is further decreased from 12 to 5 nm, however, T p decreases dramatically from 348 to 208 K. For LSMO films on the LSAT(0 0 1) substrates, almost the same trend of thickness dependence of T P was observed. The thickness dependence of T P from the two sets of films has been shown more clearly in figure 5 . The sharp decrease in T p was observed only for the fully strained LSMO thin films, and at the same thickness for the fully tensile strained LSMO thin films grown on STO(0 0 1) substrates, T p is lower than that of the compressively strained LSMO films. One reasonable explanation for this difference is that the lattice mismatch between LSMO and STO (0.83%) is larger than that of LSMO grown on LSAT (−0.13%). For the thicker films T p is weakly dependent on the thickness irrespective of the strain type and lattice-mismatch, and this could be attributed to the partial relaxation of the angular distortion in rhombohedral LSMO as aforementioned. As has been pointed by Maurice et al the two relaxation processes may be independent [23] .
To confirm that the diffuse scattering in the rocking curves shown in figure 2 is related to the partial relaxation of angular distortion in rhombohedral LSMO, films of LSMO, La 0.7 Ca 0.3 MnO 3 (LCMO) and Nd 0.7 Sr 0.3 MnO 3 (NSMO) with the same thickness (60 nm) were grown on LSAT(0 0 1) substrates and comparatively studied. These films have almost the same T P as those of the target materials (365 K, 268 K and 215 K, respectively), indicating that they are almost fully relaxed. In figure 6 (a), XRD RCs on LSMO(0 0 1), LCMO(0 0 1) and NSMO(0 0 1) reflections from these films have been shown. It is seen that the curve on the NSMO(0 0 1) shows only a sharp reflection, and compared with the LSMO film, the diffuse scattering in the rocking curve on LCMO(0 0 1) is much reduced. It is known that both the NSMO and the LCMO bulk materials have an orthorhombic symmetry. For pseudocubic NSMO, a = 3.854 Å and the distorted angle α = 90.052
• [28] , for LCMO the pseudocubic lattice constant a = 3.861 Å and α = 90.15
• [29] and for LSMO, a = 3.873 Å and α = 90.26
• [23] . Although the lattice mismatch between NSMO and LSAT (+0.36%) is larger than that between LSMO and LSAT (−0.13%), the pseudocubic angle of NSMO is much smaller than that of LSMO. Based on the profiles shown in figure 6(a) , it is seen that the larger the distorted angle α, the wider and stronger the diffuse scattering. Figure 6 (b) shows XRD RCs from LSMO, LCMO and NSMO films with the same thicknesses of 30 nm. Again, the distorted-angle-related diffuse scattering was observed. So, it can be inferred that as the film thickness increases, the diffuse scattering shown in figure 2 is a clear indication of the angular relaxation of distorted rhombohedral LSMO structure. Our results indicate that apart from the lattice-constant-mismatch, the angulardistortion-induced strain might be another factor that needs to be considered for the thickness effect in epitaxial manganite films, especially for systems with a large distorted angle like LSMO.
Conclusions
In summary, the angular distortion and its effect on the structural and transport properties of epitaxial LSMO thin films grown on LSAT(0 0 1) and STO(0 0 1) substrates with compressive and tensile strains and various thicknesses have been studied. As the film thickness is changed, there exist two distinct thickness ranges with different thickness dependences of transport behaviours, irrespective of the strain type. For the fully strained films, the transition temperature T P is extremely sensitive to biaxial strain and thickness, and for the thicker films, the T P is less sensitive to the biaxial strain and thickness. Due to the large distorted pseudocubic angle, the variation of thickness dependence could be ascribed to the angular relaxation of the distorted LSMO structure.
